Introduction
Catalase (H 2 O 2 :H 2 O 2 oxidoreductase, EC 1.11.1.6), one of the main components of the antioxidative defense system, is an active and ubiquitous enzyme that exists in almost all living organisms. It protects human and animal tissues against toxic effects of hydrogen peroxide (H 2 O 2 ) that acts as a free radical. 1, 2 Catalase deficiency leads to many disorders such as aging, mutagenesis, acatalasemia, urinary tract diseases, diabetes, Alzheimer's disease, vitiligo and tumors. 3 Bovine liver catalase (BLC) is a homotetramer enzyme with four subunits. Each subunit has over 506 amino acids, one NADPH molecule (as a cofactor) and protoporphyrin IX (the active-site heme group) containing a Fe 3+ . 4, 5 Heme group is vital for enzymatic reactions. Also, each subunit has four domains: β-barrel, N-terminal threading arm, wrapping loop and C-terminal helices. The β-barrel core structures are conserved in all catalases and heme group with a histidine (His), a tyrosine (Tyr) and an asparagine (Asn) is buried in the core structure. 4, 6 Catalase binds NADPH at a cleft between the β-barrel and helical domain on the surface of the molecule. NADPH is not necessary for the activity of catalase and prevents inactivating of enzyme at low concentration of H 2 O 2 . 4 There are three channels in catalase structure, which one of them reaches the active site. Through this channel substrate (H 2 O 2 ) can enter and products can exist. Catalase catalyzes dismutation of H 2 O 2 in two-step: in the first step, equation (1) , one H 2 O 2 molecule is reduced by ferricatalase (resting form of the enzyme), producing oxy-ferryl intermediate with a porphyrin π-radical cation, compound I, and H 2 O molecule. In the second step, equation (2) 11 ( Figure 1 ). The trans form is more active and stable than cis form. It widely exists in most of the foods, particularly in grape skin, cranberries, blueberries and red wine. 12 In vivo studies showed that RES has beneficial effects such as anticancer effects that inhibit growth and proliferation of cancer cells by inhibiting angiogenesis and inducing apoptosis. 13 It has other beneficial effects on the human body, including antioxidant activity (in the treatment of diabetes and obesity), 14 cytoprotective, 15 antiinflammatory 16 and anti-aging effects. Also, recently RES has shown neurodegenerative effects in experimental animals against neurological disorders such as Huntington, Parkinson and Alzheimer diseases. 17 Shen et al. reported that RES can inhibit α-amylase and α-glucosidase in an uncompetitive manner. The aim of this work was to investigate the possible effects of tRES on the structure and catalytic function of catalase by different methods. Since catalase exists at a high level in liver and this organ is one of the most important organs in the body, in which are metabolized and detoxified chemical and natural compounds, therefore study the side effects of varies drugs and compounds on catalase can be important. In this work we focus on the effects of tRES, as a natural occurring stilbene in fruits and beverages, on the structure and the activity of BLC. . 19 All chemicals used for the assays were chemically pure.
Materials and Methods
Kinetics studies of the native BLC BLC activity was measured spectrophotometrically (T60, PG Instruments LTD., Leicestershire, UK) using the decrease in H 2 O 2 maximum absorbance at 240 nm (A 240 ) due to its degradation by BLC. 20 In order to measurer the BLC activity, the reaction mixture containing 50 mM sodium phosphate buffer (pH 7) and an appropriate amount of H 2 O 2 (10-90 mM) were added to three ml cuvette. The enzymatic reactions were started by adding 10 μl of BLC suspension (3 nM) to the mixtures. Changes at A 240 were recorded every two second for one minute and these alterations were considered as BLC activity. In order to determine the possible effects of tRES on BLC activity, 3 nM of BLC in sodium phosphate buffer (pH 7) was incubated with various concentrations of tRES (2.9, 5.8, 8.7, 11.6 and 14.5 μM ). Subsequently, fixed concentration of H 2 O 2 (60 mM) was added to the incubated solutions and changes in A 240 were recorded.
Spectroscopic studies
The UV-vis absorption spectra of BLC were recorded by UV-visible spectrophotometer (T60, PG Instruments LTD., Leicestershire, UK) in the range of 200-500 nm. In order to investigate the effects of tRES on BLC structure, its absorption spectra were recorded in the presence of different concentrations of tRES. In order to monitor the structural changes of BLC in the presence of different concentrations of tRES (0.65, 1.31, 1.97, 2.62, 3.28, 3.94 and 4.59 μM), all fluorescence spectra were recorded on (Jasco, FP-750 spectrofluorometer, Kyoto, Japan) at two temperatures (25 °C and 37 °C). The excitation wavelength (λ ex ) was fixed at 295 nm and emission wavelength (λ em ) was recorded from 300-500 nm. According to the inner filter effect (IFE) definition, if a sample shows significant absorption at excitation and emission wavelengths, these effects should be corrected. Since IFE can be neglected for weak absorbance (i.e. weak concentrations), a common procedure is to dilute the solution until maximal absorbance is inferior than 0.1. Also, when the absorbance of the solution is lower than 0.3 the equation (3) can be used to correct the IFE. where F cor and F obs are the correct and observed fluorescence intensity, respectively. A ex and A em indicate the sample (tRES) absorbance at the excitation and emission wavelength, respectively. In the present work, we diluted the stock solution of tRES until maximal absorbance at excitation wavelength (295 nm) and maximum emission wavelength of BLC (332 nm) was lower than 0.3. Synchronous fluorescence spectra of BLC in the presence or absence of different concentrations of tRES was recoded using Δλ=15 nm with λ em =240-400 for tyrosine (Tyr) and Δλ=60 nm with λ em =300-500 for tryptophan (Trp). The scan speed was set at 1000 nm.min -1 . Circular dichroism (CD) spectra of BLC in the presence and absence of tRES were measured by a circular dichroism spectropolarimeter (Jasco (J-810), Tokyo, Japan) at 25 °C in 50 mM sodium phosphate buffer, pH 7. In order to estimate the changes in the percentage of secondary structures of BLC under the effects of various concentrations of tRES, the CDNN software was used.
Molecular docking study
In order to predict the mode of interaction between tRES and BLC, molecular docking calculations were carried out using Auto Dock 4.2 software. 22 The crystal structure of BLC was obtained from the Protein Data Bank (PDB Id: 1TGU). The molecular structure of tRES was generated using Hyperchem 8.0.6 program and was optimized for minimal energy by Gaussian 98 program. The Lamarckian genetic algorithm was applied to searching the optimum binding site of tRES to the BLC. 23 In order to recognize the binding sites in BLC, blind docking was carried out with setting of grid box size 126 A˚×126 A˚×126 A˚ grid points and 0.375 A˚ spacing. The VMD and Auto Dock Tools 1.5.4 packages were used for theoretical analysis of modes of interaction between BLC and tRES. Michaelis-Menten and Lineweaver-Burk graphs were plotted and kinetic parameters were calculated according to Lineweaver-Burk graph and equation (4):
The V max and K m values were determined to be 2.28 mM.S -1 and 39 mM, respectively. Using the equation (5) 
Effect of tRES on BLC activity
In order to monitor the effect of tRES on BLC activity, enzyme activity was determined in the presence of various concentrations of tRES (2.9, 5.8, 8.7, 11.6 and 14.5 μM) and fixed concentration of H 2 O 2 (70 μM). We observed that with increasing concentration of tRES, BLC activity significantly decreased (Figure 2A) . The IC 50 value (the concentration of an inhibitor that inhibits 50% of the enzyme activity) was calculated as 8.1 μM (Figure 2A ). There are three types of reversible enzyme inhibition mechanism: competitive, in which inhibitor binds to the free enzyme and competes with the substrate, noncompetitive in which inhibitor interacts with both the free enzyme and enzyme-substrate (ES) complex and uncompetitive (also named anticompetitive inhibition) in which inhibitor only binds to the ES complex. 25 In order to estimate the enzyme inhibition mechanism, enzyme activity in the presence of different concentrations of tRES was measured and Lineweaver-Burk graphs were plotted. According to these plots and using equation (6) 
The results showed that with increasing concentration of tRES, 27 Most of the proteins such as BLC show main absorption bands around 280 nm, which are caused by the existence of aromatic amino acids including tryptophan (Trp), phenylalanine (Phe) and tyrosine (Tyr). 28 Also, BLC has an important absorption peak around 405 nm (Soret-band) due to π→π * transition of electrons in the porphyrin ring of heme group. In this study, UV-vis absorption spectra of BLC were recorded (1 μM) in the presence of three concentrations of tRES (4.05, 8.1 and 16.2 μM). Figure 3 shows that in the presence of additional concentration of tRES, absorption intensity around 405 nm (Soret-band) increases regularly (a little hyperchromic shift) compared with the native enzyme. Slight increase in the absorption peak of Soret-band indicates that no significant structural change of BLC occurs and tRES cannot directly bind to the deeply buried heme group. The Soret-band is sensitive to alterations of the microenvironment of heme group, so a small displacement of Soret-peak observed in the presence of tRES, indicating a little alteration in the microenvironment of tryptophan residue. 29, 30 Due to the overlapping of BLC and tRES bands around 280 nm, it was not feasible to estimate the alteration at 280 nm, therefore we used fluorescence spectroscopy. 
Fluorescence spectroscopy
This method is used to conformational changes studies of proteins. Three aromatic amino-acids (Trp, Tyr and Phe) exist in protein structure and contribute to their intrinsic fluorescence emission. The emission of tryptophan is highly dependent on polarity and local environment whereas the emission of tyrosine is insensitive to solvent polarity. The effect of Phe on protein's fluorescence is less than others. 28 In order to investigate the effect of tRES on fluorescence intensity of BLC (0.7 μM), the additional concentration of tRES (0-5.0 µM) was used and excitation wavelength was set at 295 nm. Also, the studied emission wavelength was 322 nm (maximum emission wavelength of BLC). When the excitation wavelength is set at 295 nm, the effect of Tyr is overlooked. We observed that tRES leads to quenching of intrinsic fluorescence of BLC due to alteration in the surrounding environment of Trp. Also, the results suggest that tRES and BLC form a new complex ( Figure 4A ). Since tRES had significant absorption at excitation and maximum emission wavelength of BLC, the inner filter effects were corrected according to equation (3) (Figure 4B ). Quenching mechanisms (static and dynamic quenching) are determined using their different dependence on temperature. In static quenching, the bimolecular quenching constant decreases with increasing temperature. Dynamic fluorescence quenching is a diffusion process and therefore the value of quenching constants increase with increasing temperature. 31 As shown in (Figure 4B ), the quenching mechanism is static. In order to confirm the quenching mechanisms, Stern-Volmer equation (equation (7)) was used:
where F and F 0 are the fluorescence intensities of BLC with and without the quencher (tRES), respectively, [Q]
| (maximum dynamic quenching constant). This result confirmed that the quenching is mostly static process and fluorescence quenching of BLC is due to formation of BLC-tRES complex in ground state. 
Synchronous fluorescence spectroscopy
Synchronous fluorescence is another simple and sensitive technique that provides important information about the microenvironment in the surrounding of the chromophore and conformational changes in proteins. In this technique, the spectra are recorded by scanning synchronously both emission and excitation wavelength, fixing wavelength interval (∆λ) between them. 34 The ∆λ can be selected 15 nm or 60 nm and synchronous fluorescence can give main information about microenvironment around the Tyr and Trp, respectively. We observed that synchronous fluorescence spectra of BLC changed under the effect of tRES. As shown in (Figure 6A) , with increasing concentration of tRES, the emission spectra of Tyr shifted to the smaller wavelength (blue shift) about 1 nm, which describes a little increase in the hydrophobicity of Tyr, leading to partially expose of heme group to solvent. The emission spectra of Trp shifted to longer wavelength (red shift) about four nm ( Figure 6B ), demonstrating a decrease of hydrophobicity in Trp micro-region and Trp residue transferred from nonpolar to polar environment. 
Circular dichroism spectroscopy study
In order to determine the secondary structure changes of BLC upon tRES binding, CD spectra in the far-UV region were recorded (Figure 7) . The CD spectra of BLC show two main negative bands at 208 nm and 222 nm (due to π→π * transition which occurs in the peptide chain). Those are characteristic of an alpha helical structure of the BLC. Also, BLC with β-pleated sheets shows a negative band at 218 nm, while random coils have very low ellipticity above 210 nm. 36 BLC consist of the secondary conformation of 27.4% α-helix, 21.2% β-plared sheet, 17.6% β-turn and 33.8% random coil. The results showed that secondary structures of BLC change (a little) in the presence of tRES. The effects of tRES on the percentage of secondary structural elements in BLC were summarized in Table 3 . According to the data of Table 3 , tRES had no significant effect on the secondary structure of BLC. 
Analysis of binding mode and thermodynamic
For the static quenching mechanism, the number of binding sites (n) and binding constant (K) can be calculated by the following equation (8):
The "n" and K values were determined by using the intercept and slope values of the plot vs. log [Q] ( Figure 8 ) and were listed in Table 2 . The results showed that "n" value is approximately close to one, describe that one tRES molecule can bind to one BLC molecule and exist one binding site on BLC for tRES. The K values reduced by an increase in the temperature indicate that the stability of BLC and tRES complex lost. Also, K is of the order of 10 3 , indicates that there is a significant interaction between tRES and BLC. The interaction forces between a ligand and a macromolecule mainly including: electrostatic interactions, hydrophobic interactions, van der Waals forces and hydrogen bonding. The type of acting forces is estimated on the base of the sign and amount of ∆H and ∆S (thermodynamic parameters): ∆H ˂ 0 and ∆S > 0 suggest electrostatic forces are dominant; ∆H ˃ 0 and ∆S ˃ 0 indicate hydrophobic interactions are main; ∆H ˂ 0 and ∆S ˂ 0 imply van der Waals forces and hydrogen bonding are more important. 19 Equations from (9) to (11), were applied to calculating the ∆H (enthalpy), ∆G (Gibbs
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The negative values for ∆G, ∆H and ∆S support the assumption that tRES binds to BLC spontaneously, the formation complex between them (BLC-tRES) is exergonic reaction and entropy reduces during the formation of complex, respectively. 30 Also, van der Waals forces and hydrogen bonds play main roles in this interaction.
Molecular docking results
Molecular docking is one of the most important methods which predicts the best interaction between a ligand and macromolecule based on the lowest energy. 37 The molecular docking results illustrated that there are one binding site for tRES on BLC at a cavity among the β-barrel and helical domain which is away from heme group (Figure 9A and 9B ). Also Figure 9C shows that in this interaction Phe 265 and Tyr 324 residues are involved. These results are in good agreement with results of UV absorption and fluorescence studies. Docking results indicate that hydrogen bonds and van der Waals forces contribute in interactions between BLC and tRES. The value of binding energy was obtained -6.8 Kcal mol -1 by docking calculation. 
Conclusion
The present work examined the effect of tRES on catalase structure and catalytic activity. In vitro studies indicated that, tRES can inhibit catalase activity by an uncompetitive mechanism and it spontaneously binds to BLC through one binding site. Spectroscopic results showed that tRES causes the conformational changes in BLC structure. Synchronous fluorescence, CD and UVvis absorption spectroscopic studies suggested that the micro-region of Trp, Tyr and secondary structure of catalase change in the presence of tRES.
Fluorescence spectroscopy results suggest that with additional concentration of tRES, Trp residues are exposed to a less hydrophobic environment, due to unfolding of BLC structure upon interaction with tRES. Molecular docking calculation was applied in order to estimate the best mode of interaction between tRES and BLC, the binding energy of the interaction and the regions involved in the interaction, which the results show good agreements with the experimental binding studies data. Our results from thermodynamic studies indicated that tRES interacts with BLC through noncovalent and caused inhibition of the BLC activity.
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